Objective: The study of obesity-related metabolic syndrome or Type 2 diabetes (T2D) in children is particularly difficult because of fear of needles. We tested a non-invasive approach to study inflammatory parameters in an at-risk population of children to provide proof-of-principle for future investigations of vulnerable subjects.
Introduction
The prevalence of pediatric obesity has increased worldwide in recent years and raised urgent concern about expected metabolic dysregulation and serious comorbidities, such as T2D, likely to arise among obese children as they age into adulthood [1] . The relationship is unknown among adult-onset, obesity-associated pathologies and exposure of these individuals to diet-induced obesity while still children. Furthermore, it is not known if at-risk cohorts of pediatric subjects can be identified by non-invasive measures early enough during development of pediatric obesity for effective interventions to reduce risk of T2D. The importance of the answers to these questions is widely recognized, thus countries with significant prevalence of pediatric obesity are devoting resources to understand the scope of this problem and devise appropriate public health recommendations.
In this research, we describe an approach that uses saliva samples as a basis for diagnosis. The selection of biomarkers for evaluation in this study of obese children was focused on adipokines (adipocytokines), because concentrations of these factors partly define metabolic health. A subset of these proteins is of particular interest for immunometabolism, including adiponectin, leptin and resistin, which are adipocyte-derived hormones secreted in saliva [2] , salivary [3] monocyte chemotactic protein-1 (MCP-1) and salivary [4, 5] tumor necrosis factor-alpha (TNF-a). Interleukins (IL) comprise a second major class of investigated biomarkers, each of which has also been measured in saliva, but not in an obese adolescent population. Specifically, IL1b is associated with periodontal inflammation [6] ; IL-6 has been measured in periodontitis patients; IL-4, IL-10, IL-12 and IL-17 are related to Sjogren's syndrome [7] ; IL-10 is reduced in periodontitis patients [5] ; IL-8 is related to dental caries in adolescents [4] and oral cancer [8] ; IL-13 is identified in the sputum of asthmatics [9] ; IL-17 is lower in patients with periodontal disease [10] ; and interferon c (IFN-c) is higher in the saliva of control subjects without Sjogren's syndrome [7] . Thus, adipokines and cytokines from sources other than peripheral blood have been assayed and associated with disease states. Both salivary immunoreactive insulin [11] and salivary ghrelin [12] have been associated with T2D and obesity, and were included in our analysis. Two oral inflammatory disease markers were also included, matrix metalloproteinase-9 (MMP-9) and myeloperoxidase (MPO). MMP-9 is a protease often found elevated in patients with periodontal disease [13] and oral cancer [14] ; whereas MPO, a peroxidase often used as a measure of neutrophil degranulation, is elevated in diabetic patients [15] . Vascular endothelial growth factor (VEGF) was included because it appears in saliva of diabetic women [16] . C-reactive protein (CRP) was included because it is associated with inflammation and cardiovascular disease [17] . Collectively, the panel defines inflammatory and metabolic processes important for metabolic health in obesity.
Blood elements that partition into saliva have attracted interest [18] . Saliva has major advantages over peripheral blood for the study of disease development in childhood because sample collection is non-invasive. Here, we collected 8,319 saliva samples from 10-12-year old Kuwaiti children, a high risk population for obesity and T2D development [19] . We measured salivary concentrations of 20 hormones and cytokines in a random subset of 744 subjects. The well-established relationship between insulinresistant obesity and systemic elevation of pro-inflammatory cytokines [20] supports our hypothesis that the saliva of obese children shows informative imbalances in critical immunometabolic factors [21] . The results of this study provide insight into the early development of metabolic disease in children and establish that non-invasive methods are robust and useful for data collection in studies of vulnerable subjects.
Materials and Methods

Subject Selection
The validation study for US subjects was approved by the Forsyth Institutional Review Board in Cambridge MA, U.S.A. The study of Kuwaiti subjects (4 th or 5 th grades) was approved by the Dasman Diabetes Institute Ethical Review Committee in Kuwait. Arabic language informed consent was signed by parents/ guardians in advance. Subject assent was obtained the day of the visit.
Data Collection
Data and saliva samples were collected from 8,319 subjects during 182 visits to 39 Kuwaiti schools between October 2, 2011 and May 15, 2012. Subject identification, height, weight, blood pressure, food preferences, oral examination, fitness and sleep parameters were entered into a programmed iPad (Apple, Cupertino, CA) system for internet transfer. Fitness was measured by heart rate elevation (beats/minute) following a standard 3-minute exercise [22] . Body weight categories were defined using a Body Mass Index (BMI) z-score [23] . Blood and saliva samples were collected for insulin analysis from February 23-September 23, 2011 from 53 US subjects living in Maine and Massachusetts. Otherwise, the US and Kuwait protocols were identical.
Saliva Collection
After a 15 ml water rinse of the mouth, whole saliva was collected by expectoration of approximately 3 ml into a sterile tube kept on ice. Samples were collected starting at 8:30 AM screw-cap 2D barcoded storage tubes (Thermo Scientific) read by a barcode reader (Thermo Scientific VisionMate ST). The barcode was captured with subject number to spreadsheet. The sample vials were sealed by a torque-controlled tube capper (Thermo Scientific 8-Channel Screw Cap Tube Capper), placed in a 96-vial rack (Thermo Scientific Latch Rack) and frozen at 2 80uC. Racks were air-transferred from Kuwait under temperaturemonitored dry ice (Biocair, Boston MA) to the Forsyth Institute and maintained at 280uC until assay (average time to assay = 0.8860.06 y).
From the 8,319 samples, 744 samples were selected for assay such that 93 were from subjects of each of the defined body weight categories described in the data analysis section for each sex. Random selection was achieved by assigning a random number between 1 and x = integer (total number in each group/93) to each subject, sorting for all assigned the number 1 and selecting the first 93. All body weight categories included 186 subjects evenly distributed by sex except for underweight subjects, where, due to a shortage of male underweight subjects, 64 male and 122 female subjects were selected.
Multiplex Analysis of Salivary Markers
All assays (744 saliva samples for 20 biomarkers) were performed on 25 ml of saliva supernatant using four multiplex magnetic bead panels on a Luminex 200 platform (Luminex, Austin, TX). Results were evaluated using Bio-Plex Manager (Version 5.0; Bio-Rad, Hercules, CA). IFN-c, IL-10, interleukin12p70 (IL-12P70), IL-13, IL-17A, IL-1b, IL-4, IL-6, IL-8, MCP-1, TNF-a and VEGF were measured by a 12-plex human cytokine/ chemokine panel with no dilution (Millipore cat #HCYTOMAG-60K; lot #2055690). Metabolic hormones ghrelin, insulin and leptin were measured by a 3-plex human metabolic hormone panel with no sample dilution (Millipore cat #HMHMAG-34AK; lot #2055724). MPO and MMP-9 were measured by a 2-plex human cardiovascular disease panel with 1:2 sample dilution (Millipore cat #HCVD1-67AK; lot #2055723). Adiponectin (total), CRP and resistin were measured in a 3-plex human obesity panel with 1:2 sample dilution (R&D cat #LOB000, LOB1065, LOB1707, LOB1359; lot #300710). The panel used to evaluate insulin in blood and saliva of US subjects was a human metabolic hormone panel single plex for insulin (Millipore cat #HMHMAG-34K-01EMD) with no dilution. All assays were performed following manufacturers' protocol, with the exception of an additional 3 standards to increase the range of detection [24] . Saliva supernatants were thawed at 4uC overnight and kept on ice throughout the assay procedures. Briefly, all kit components were brought to room temperature and reagents were prepared as instructed (wash buffers, beads, standards, etc.). Assay plates (96-well) with assay buffer, standards, samples and beads were covered and incubated on plate shaker (500 rpm) for either 3 hours at room temperature for the obesity panel, or overnight at 4uC. Plates were washed and detection antibody cocktail added. Plates were covered and incubated at room temperature for 1 hour on a plate shaker. Streptavidin-phycoerythrin fluorescent reporter was added to all wells, and the covered plate incubated for 30 minutes at room temperature on a shaker. Plates were washed three times and beads resuspended in wash buffer, placed on shaker for 5 minutes, read and evaluated.
Salivary Protein Assay
A subset of 213 saliva supernatants (approximately 54 from each body weight category) were randomly selected and assayed for total protein. The assay was by a commercial kit (Pierce 660 nm protein assay, Pierce Biotechnology Rockford, IL) which has a manufacturer's stated working range of 50-2,000 mg/ml. Values were determined on 10 ml saliva supernatant samples using bovine serum albumin as a standard implemented on a robotic chemical . A: Categorical decision tree describing identification of children that are obese or not obese. 76% of the obese children were identified by the predictor variable salivary CRP .219 pg/ml. Of the lower salivary CRP saliva samples, 13% of the obese children were identified by the predictor variable insulin .128 pg/ml and 11% had insulin #128 pg/ml. B: Insulin concentration in fasting saliva supernatant and plasma of 53 adolescent donors. These data were fitted after log transformation to obtain the equation Ln(Plasma) = 0.85*Ln(Saliva) +1.84 with r 2 = 0.67. Based on this approximation, the predictor variable of 128 pg/ml saliva insulin would be approximately 67 pmoles/L of plasma insulin (or 11 mU/ml using the conversion factor 1mU/ml = 6.00 pmol/L). doi:10.1371/journal.pone.0098799.g004
analysis unit (EVO 100 with a Sunrise spectrophotometer set at 660 nm, Tecan US, Morrisvile NC).
Data Analysis
Body weight categories were defined on BMI z-score based on published growth charts [23] . By this criterion, obese was $95 th percentile, overweight was $85 th 295 th percentile, normal healthy weight was $5th and 85 th percentile and underweight was ,5 th percentile [25] . Salivary flow rate was computed from the start time, stop time and tarred salivary weight. To account for the nonnormality of multiprobe data, a multivariate rank-based Wilcoxon regression method [26] was applied. The relationship between the probe concentration and body weight categories were adjusted for age and sex. Values for age, BMI, waist circumference (WC), systolic and diastolic blood pressure, and fitness were analyzed for significance between body weight categories by a Kruskal-Wallis rank sum test followed by pairwise comparisons using the Wilcoxon rank sum test. Predictor variables, diagnostic sensitivity and specificity were determined by CART software (Salford Systems, San Diego, CA). Log transformation of both insulin measurements preceded their analysis.
Results
Saliva samples (744) were randomly selected from the 8,319 total to provide 186 for each category of underweight, normal healthy weight, overweight and obese. Characteristics of these groups are evaluated in Table 1 . No significant differences in age between groups were noted. BMI, WC, blood pressure and fitness exhibited significant incremental increases as the body weight category moved to obese. In every body weight category, BMI and WC significantly differed from each other. Systolic and diastolic blood pressures were significantly different only between normal and overweight or obese subjects. Obese subjects had significantly lower fitness as measured by exercise stimulated heart rate elevation than any other category. Obese subjects had 64% higher BMI, 40% greater WC, 17% higher systolic and diastolic blood pressure and 50% greater exercise elevation of heart rate as a measure of unfitness compared to normal weight subjects. Table  S1 in File S1 shows similar statistics from 53 US subjects used to measure the relative concentration of insulin in saliva and plasma.
The assay performance is summarized in Table S2 in File S1. The median concentration of 17 biomarkers was greater than the manufacturer's stated assay sensitivity. Median values fell below the assay sensitivity for IL-10, leptin and ghrelin. The analysis software allowed extrapolation beyond the lowest standard, provided the value did not fall on or below the blank. Using this feature, although the concentration cannot be said to have been accurately measured, the assay provided a means to order low concentrations for non-parametric rank analysis. All probes provided non-zero values for 95 to 100% of the samples tested except for leptin; 37.4% of the leptin determinations were too low to measure. In the leptin analysis, however, the percentage of measurable samples increased with increasing obesity so that analysis by non-parametric rank could be performed without introducing bias.
The assay results are summarized in Figure 1 and Table 2 . Of the 20 probes tested, significant differences between obese and normal weight subjects occurred in the concentration of insulin, CRP, adiponectin and leptin. CRP and insulin were significantly elevated in obese relative to normal subjects. Salivary insulin levels in obese subjects (median = 127 pg/ml) were almost 3 times that of normal weight subjects (median = 44 pg/ml) and salivary CRP of obese subjects (median = 435 pg/ml) was almost 6 times that of normal weight subjects (median = 76 pg/ml). The estimated concentration of salivary leptin in obese subjects (median = 3.3 pg/ml) was 3 times that of normal weight subjects (1 pg/ml). Salivary adiponectin decreased by approximately 30% with increasing obesity from that of normal healthy weight subjects (median 4,083 pg/ml) to overweight and obese subjects (median = 2981 and 2798 pg/ml respectively). Differences between normal and obese subjects for insulin, CRP, adiponectin and leptin were all highly significant (p,0.0001). There were no significant differences between biomarker concentrations of underweight and normal healthy weight subjects. Salivary levels of the remaining 16 probes ( Figure S1 , Table S3 in File S1) did not significantly change when analyzed by body weight categories.
Evaluation of saliva supernatants normalized by salivary total protein content ( Table 3 ), indicated that significant levels of biomarkers obtained were similar to those measured using salivary concentration. Salivary protein concentration significantly decreased with increasing salivary flow rate (Figure 2) . Neither salivary protein concentration nor salivary flow rate varied significantly between body weight categories ( Figure 3) .
The diagnostic implications of these findings were evaluated by classification tree topology ( Figure 4A ). Of the obese subjects, 76.3% had .219 pg/ml CRP in their saliva, indicating that the inflammatory state was the most common form of obesity. Of the obese subjects with lower levels of CRP (,219 pg/ml), 13% had high insulin (.128 pg/ml) and 11% had low insulin. The obese group with CRP ,219 and insulin ,128 would be predicted to be 'metabolically healthy'. Using only salivary CRP and insulin as predictors, the overall diagnostic sensitivity for identifying obesity by biomarker status was 89% and specificity was 61%.
We used Luminex analysis to evaluate correspondence between saliva and plasma concentration of insulin in a group of 53 American subjects similar in age to the Kuwaiti subjects ( Figure 4B ). We found that the concentration of immunoreactive saliva insulin is approximately half of the plasma concentration and estimates of plasma insulin with high correlation (r 2 = 0.67). By this approximation, the predictor variable of 128 pg/ml salivary insulin is equivalent to 68 pmoles/L = 11 mU/ml in plasma, a value higher than that reported for normal fasting subjects 38-46 pmoles/L = 6.3-7.6 mU/ml [27] .
Investigation of the properties of each of the six groups described by this categorization tree revealed significant differences relative to the normal healthy (NH) group in both clinical measures and biomarker concentrations (Table 4) . Systolic blood pressure, BMI, WC and insulin were significantly elevated in all categories except for the non-obese healthy group (NH). Diastolic blood pressure was significantly elevated in the obese with high insulin (OI) and obese with high CRP (OC) groups. Low fitness was significantly increased in the OC group. CRP and IL-6 were significantly elevated in both high CRP groups (OC and NC) and leptin was significantly elevated in the obese high CRP group (OC). The non-obese, high CRP group (NC) exhibited elevation of multiple biomarkers (IL-10, resistin, IL-1b and MMP-9). The obese but healthy group (OH) exhibited significantly lower concentrations of IL-10 and adiponectin.
Discussion
Many blood factors also occur in saliva and their levels often correlate. In our study, we surveyed 20 possible biomarkers related to obesity and found four that exhibit significant change with increasing body weight in a pediatric population. These data suggest that saliva could be a useful blood surrogate for the study of metabolic complications of obesity in children, where repeated blood sampling can be both traumatic and difficult.
Elevated plasma insulin is characteristic of T2D and also is proportional to body fat content [28] . In agreement with our data, investigators have noted that salivary insulin levels in obese children may be four or five times higher than in normal healthy weight children [29] and that salivary insulin correlates well with plasma levels at only slightly lower concentration [30] . Salivary insulin is linearly related to plasma insulin during the glucose tolerance test [11] and correlates well with plasma concentration after insulin injection [31] . Plasma insulin decreases in parallel with weight loss in obese children [32] .
Salivary CRP concentration has also been found to correlate well with serum concentrations [24] . Association between salivary CRP and obesity has been reported in black South African children [33] . Human studies associate high levels of CRP with metabolic syndrome and T2D [34] . Reduced adiponectin is an independent risk factor for metabolic syndrome [35] . Both salivary adiponectin [24] and leptin [2] concentrations are highly correlated with plasma concentrations.
Since it is well-known that the concentration of proteins can vary significantly in response to stimulation, total protein is sometimes used to normalize concentration of specific salivary analytes [36] . The total protein content of salivary samples was reduced as salivary flow rate increased (Figure 2) , however, neither total salivary protein nor salivary flow rate were significantly different between body weight categories ( Figure 3) indicating that obesity did not affect salivary protein levels or salivary flow rate in this population. Investigation of a protein-normalized sample subset indicated that this procedure did not appreciably modify the diagnostic potential of salivary insulin, CRP, leptin or adiponectin in the samples collected from adolescent Kuwaiti children (Table 3) .
The first level of the classification tree (CRP .219 pg/ml, Figure 4A ), is associated with multiple inflammatory mediators ( Table 4 ). The obese high salivary CRP (OC), represented the largest group of obese subjects (76.3%). The major differences among groups were elevated diastolic blood pressure, significantly reduced fitness and elevated leptin in the obese (OC) group. The non-obese high salivary CRP group (NC) had high levels of CRP, insulin, IL-6, IL-10, resistin, IL-1b and MMP-9 compared to the normal healthy group (NH).
The second level of the classification tree (CRP #219, insulin . 128 pg/ml) also identified two groups of subjects (OI and NI), but these did not have elevated salivary inflammatory mediators but did have elevated insulin levels. The principal differences were that obese subjects had high systolic and diastolic blood pressures. Subjects with both low insulin and low CRP included a normal healthy group (NH) and an obese, 'healthy' group (OH). In this case, obese subjects were associated with elevated insulin, reduced adiponectin and reduced IL-10.
Comparison of these observations with those based on immunohistochemistry of obese adult adipose tissue [37] strongly suggests that the group designated as CLS+ (macrophage crownlike structure positive), found in 72% of obese adults, may coincide with the subjects designated as CRP .219 in our studies (76.3% of obese subjects). Our studies suggest, however, that non-obese cohorts with comparable biomarker levels could be at risk for development of immunometabolic complications of obesity.
The constellation of biomarkers that appear in saliva are likely a reflection of underlying pathology [38] [39] [40] . High concentrations of salivary CRP, myoglobin and MPO, for example appear after myocardial infarction [41] . Periodontal disease characteristically exhibits high levels of salivary IL-8 [42] , MMP-9 and IL-1b [43] . Inflammatory bowel disease is associated with elevated salivary IL-6 and CRP [44] . We can now conclude that adolescent obesity is most commonly associated with high levels of salivary insulin and CRP.
Conclusions
We have identified four salivary biomarkers in 10-year old subjects that change significantly with increasing obesity; insulin, CRP, adiponectin and leptin. The results of this study suggest that obesity may be characterized and classified by salivary biomarker concentrations. Use of these relatively non-invasive markers, particularly in longitudinal studies, to investigate development of metabolic diseases in children and evaluate therapeutic interventions could be used to evaluate preventative therapies. Figure S1 The concentration of all biomarkers in saliva supernatant tested by body weight category. Values represent medians (center bar) +25 th percentile and 275 th percentile on a logarithmic axis for each category.
Supporting Information
File S1 File includes Tables S1-S3. Table S1 : Age, BMI, waist circumference and systolic blood pressure of 53 U.S. children (mean 6 S.D) used to determine the saliva and plasma calibration curve ( Figure 4B ). Table S2 : Saliva supernatant concentration, manufacturer's stated assay sensitivity, assay precision and lowest assay standard of 20 biomarkers measured by multiplex assay. Three biomarkers, IL-10, leptin and ghrelin had median concentrations less than the assay sensitivity. Table S3 : Concentration of sixteen cytokines in saliva supernatant of Kuwaiti children by body weight category and gender. Summary statistics are median, interquartile range (N subjects). Probability levels for overweight, obese and underweight were computed by Wilcoxon regression relative to normal healthy weight children.
